Introduction: Intrauterine fetal demise affects between 0.4-0.8% of pregnancies worldwide. This significant adverse pregnancy outcome continues to be poorly understood. In utero exposure to substances increases the risk of stillbirth to varying degrees according to the type of substance and degree of exposure. The aim of this qualitative narrative review is to investigate common biologic relationships between stillbirth and maternal substance use.
INTRODUCTION
Stillbirth is defined as intrauterine fetal demise after 20 weeks gestation or greater than 350 g fetal weight (1) . Approximately 2.65 million pregnancies worldwide are affected annually (2) . Rates of stillbirth vary between countries ranging from 4-6 per 1000 births in developed nations to 8-10 per 1000 births in low-income countries (3, 4) . This devastating problem stems from a variety of etiologies and our understanding of mechanisms behind stillbirth continues to evolve.
Similarly, varying rates of women report substance use in their reproductive years worldwide. Within the United States, 10% report alcohol consumption, 17% smoke tobacco, and an estimated 4.4% of pregnant women report illicit drug use during pregnancy (5, 6) . These rates are higher across Europe and Australia, with a third to half of women reporting using alcohol, 25% tobacco, and upwards of 8% illicit substances (7, 8) . This makes substance use disorder (SUD) as common as other medical conditions during pregnancy that are risk factors for stillbirth such as hypertension or diabetes (9) . With regards to the type of illicit substances, the data is less well defined and varies among regions. Trends in popularity among various substances confounds some studies collecting data across multiple decades. The opioid crisis has taken center stage in recent years, but psychostimulants and cannabinoids are also reported with increasing frequency among pregnant women.
The association between stillbirth and maternal consumption of toxic or stimulant substances is well documented. Consistently, large, population-based studies reveal an increased risk of stillbirth for women consuming alcohol (Odds Ratio [OR] 1.36; 95% Confidence Interval [CI] 1.05-1.76) (10) , tobacco (OR 1.36; 95% CI 1.27-1.46) (11), opioids (OR 1.5; 95% CI 1.3 -1.8) (12) , or methamphetamine (OR 5.1; 95% CI 3.7-7.2) (13), while adjusting for confounding factors. Maternal medical conditions such as hypertension, diabetes, or drug use are reported to contribute to approximately 20% of stillbirths that have an identifiable cause. Such conditions are modifiable risk factors and adequate management can prevent adverse pregnancy outcomes (14) . Patel and colleagues used the Nationwide Inpatient Sample (NIS) database to investigate the association between maternal medical conditions and stillbirth (15) . In this study, ICD-9 codes were used to analyze the risk of stillbirth in women with chronic conditions versus those without. Accounting for many other covariates in a multivariable logistic regression, the study still noted increased odds of stillbirth in women using alcohol (OR 1.62; 95% CI 1. (14, 16) .
The SCRN also demonstrated a direct biologic correlation in this cohort. Toxicology analysis was performed on maternal serum and umbilical cord blood, according to maternal selection. Mothers could opt out of specific testing, if desired, at the time of consent. About half of enrollees did not have these tests performed, generating a self-selection bias, yet in this population twice as many patients with stillbirth tested positive for any substance versus mothers with a livebirth (7% vs. 3.5%; OR 1.94; 95% CI 1. 16-3.27 ).
The effects of substance use result in increased neonatal deaths as well. Viteri looked at any type of maternally reported substance use and risk of prematurity INVITED REVIEW and neonatal death. There was an increased risk of a composite outcome of stillbirth, neonatal death within one year of life, or moderate-to-severe cerebral palsy by the age of two. This risk was magnified in patients with preterm delivery (17) . In a cohort of patients that delivered preterm, those that delivered between 32-36 6 /7 weeks gestation had an adjusted odds ratio of 6.5 (95% CI 1.14-36.99). Other studies have noted an increased risk of sudden infant death syndrome (SIDS) and neonatal death from exposures to substances outside of the setting of prematurity (18) .
There are several challenges to interpreting the exact contribution of substance use to the problem of stillbirth. First, many studies in the current literature define consumption rates by self-reported data without biologically testing to confirm quantity of substance. The quantity and frequency of use is difficult to measure, and consumption may vary throughout gestation. Furthermore, patients using one illicit substance are more likely to use multiple substances (7) . Aliyu looked at birth record data for women in Missouri and noted that more than half of women who admitted to consuming alcohol during pregnancy also smoked tobacco (19) . Those who use cocaine are four times more likely to use tobacco than those who do not (20) . Many substances, especially stimulants, work synergistically to increase the risk of poor pregnancy outcomes (21) . Finally, socioeconomic confounders are also vast, as those who consume substances are more likely to not seek adequate prenatal care, suffer from mental illness (22) , have a lower socioeconomic status, experience intimate partner violence and trauma, or inflict maternal self-harm (23) .
While many studies demonstrate the correlation between maternal substance use in pregnancy and the risk of fetal death, the causation is more difficult to define. Understanding the exact pathophysiology behind various substances remains a challenge. Yet, by expanding research in this area we may find new ways to decrease the adverse effects of substance use in pregnancy, as well as modulate the synergistic additive effects of an adverse social environment.
METHODS
This narrative literature review sought to identify common themes in the scientific literature that contribute to understanding of biologic mechanisms behind stillbirth. A PubMed literature search was conducted using MESH terms. Search strategy included "stillbirth" and the following terms individually using the "AND" function: "substance use," "substance abuse," "cocaine," "tobacco," "alcohol," "methamphetamines," "opioids OR opiates," and "cannabis." The same individual MESH terms (substance types aforementioned) were also applied to "intrauterine fetal demise," "placenta," and "pathology." Hand searches of the references of retrieved articles were also performed. Human and animal studies published in English between January 1970 and July 2018 were reviewed by the authors and referenced if biologic findings related to the placenta or fetus were included in the study. Original research articles were used to synthesize biologic findings associated with stillbirth. Review articles were only included if some clinical or biologic finding was analyzed in a meta-analysis format. The information was summarized according to substance type.
RESULTS
The search strategy yielded 1313 unique articles. Of these articles, 24 specifically studied biologic or histologic effects of substance use on the placenta, fetus, or neonate. Table 1 demonstrates the number of studies according to substance type.
DISCUSSION

Mechanisms For Stillbirth -What Do We Know?
Substances used as stimulants likely have similar physiologic effects on the feto-placental unit. Cocaine, methamphetamines, and especially tobacco, are associated with intrauterine fetal growth restriction (IUGR), placental vasoconstriction, and fetal hypertension (24) . If used later in gestation, more subtle effects occur, affecting early childhood development. Changes in neurotransmitters, neurotransmitter recep-
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tors, and brain organization are all seen with the stimulant-like substances in neonates (25) . The risk for placental abruption is increased three-fold in women who use substances such as these and is a large contributor to fetal demise (26) .
Tobacco
Tobacco is the most common substance used in pregnancy and also one of the most studied. The metabolites of tobacco have low molecular weight, easily cross the placenta, and have been found in umbilical cord blood, fetal blood, urine, and meconium (6) . As nicotine and its byproduct, cotinine, cross the placenta, the fetus is left with higher concentrations than the mother due to slower metabolism and excretion. The composition of cigarettes includes several other harmful toxins including cyanide, sulphides, cadmium, and carcinogenic hydrocarbons (27) .
Several studies have investigated how components of tobacco exert direct effects on placental development, growth, and function. Abnormal cytotrophoblastic invasion is seen during the first trimester. Later, placental histology demonstrates thickening of the trophoblastic basement membrane, increased collagen in the villous mesenchyme, less neovascularization, and significant villous arteriole swelling (28) . These findings are not reversed with smoking cessation (6) . As the placenta develops, tobacco also decreases cytotrophoblast proliferation and differentiation (29) . Poor placentation results in insufficient oxygen and nutritional support for the fetus in later gestation. Tobacco also exerts effects on various enzymatic activities within the placenta. A 30% reduction in the mitochondrial enzymatic activity of Complex III has been demonstrated in placental mitochondria from smokers compared with nonsmokers (30) . Less respiratory function can lead to oxidative stress and, theoretically, contribute to intrauterine fetal demise.
At term, cadmium and nicotine concentrations are equivalent in umbilical cord and maternal serum. Cadmium first accumulates in villous tissue where it is sequestered until concentrations are saturated and the villi can no longer isolate it away from the fetus. This delayed toxic effect is additive on top of abnormal placentation. High cadmium levels produce necrosis within villi in rat models, demonstrating that the toxic chemical creates hypoxia (31) . Through decreased placental mass, vasoconstriction, and decreased respiratory function, maternal smoking leads to restricted fetal growth as there is limited energy availability within cells and decreased nutrient transport. Vasoconstriction in early gestation leads to IUGR in the third trimester. Without recognizing this and performing antepartum fetal surveillance, the fetus may succumb to hypoxia. Gardosi and colleagues noted that the main association with tobacco use and stillbirth was related to growth restriction. They noted that women who were smokers but did not have fetal growth restriction had a similar rate of stillbirth as nonsmokers (32) .
Cocaine
Cocaine is similarly associated with adverse pregnancy outcomes like fetal growth restriction, placental (33) . Cocaine blocks reuptake of dopamine within the nervous system. The drug also readily crosses the placenta and is found in increased concentrations in amniotic fluid compared to maternal serum (23) . Some of the consequences of cocaine use to the feto-placental unit include increased uterine tone, vasoconstriction, hypertension (6), and decreased steroid production leading to less endogenous progesterone (34) .
The strong association with fetal growth restriction is generally seen in later gestation. The Maternal Lifestyle Study looked at maternal and neonatal outcomes among 1072 infants exposed to cocaine and 7565 cocaine negative dyads. After controlling for other confounders, they noted smaller percentile estimates for birth weight, length, and head circumference in the exposed group, and described a significant growth deceleration, especially after 32 weeks gestation (20) .
The mechanisms that lead to decreased fetal growth may contribute to stillbirth, although this has yet to be demonstrated. Several theories about fetal growth restriction exist, the most prevailing being decreased uterine blood flow secondary to decreased uptake of the sympathomimetic neurotransmitters. This leads to hypertension, tachycardia, and extreme vasoconstrictive effects. Placental infarcts and abruption can occur at any time during pregnancy, leading to fetal hypoxia (35) . Other possible, and perhaps simultaneous, effects include detrimentally impacting global brain development (36) , decreased maternal nutrition, impaired placental amino acid transport (37) , and endocrine disruption (20) . Campillo studied cocaine exposure in pregnant rats and noticed an increase in stillbirths, decreased birth weight, decreased central nervous system weight, and symmetrical growth restriction (33) .
Amphetamines
According to the US National Survey on Drug Use and Health 2012, 7.2% of women aged 12-44 years old reported using methamphetamines (13) . In highuse regions of the US, 5.7% admitted to use during pregnancy (13, 38) . Methamphetamine prevents the reuptake of serotonin, norepinephrine, and dopamine, exerting stimulant effects primarily on the central nervous system, but also peripheral tissues including the cardiovascular and pulmonary systems. The feto-placental unit is also vulnerable to these effects and experiences decreased uterine blood flow, increased vascular resistance, and elevations in fetal blood pressure (39) . This occurs in a dose-dependent manner in animal models (24, 40) . After administration of methamphetamine to pregnant sheep, Stek et al. observed increases in maternal and fetal blood pressure and uterine vascular resistance and a decrease in uterine blood flow in a dose-related fashion. Burchfield et al. also noticed these changes and demonstrated quick placental transfer within 30 seconds of administration. Fetuses were exposed for a longer period of time due to a longer elimination half-life (41) . Both studies showed the vascular changes led to hypoxemia and acidemia in the fetus.
In addition to long-term hypoxia, fetuses and neonates may not be able to mount an adequate sympathomimetic response due to the decrease in catecholamines caused by the drug. Catecholamines are depleted through several pathways including impaired epinephrine release, less conversion to norepinephrine, and inhibition of norepinephrine uptake by transporters in reproductive tissues. This is exhibited in the decreased levels of norepinephrine in term umbilical cord blood samples from women using methamphetamines during pregnancy (42) . Similar to tobacco exposure, fetuses and neonates have a deficient autonomic response in the setting of hypoxia, and are thus more vulnerable to in utero and postnatal hypoxic events (43) . In addition, pregnancies with methamphetamine use are often complicated by fetal growth restriction, which can make the fetus even more vulnerable with less nutrient and oxygen reserve (44) . While not directly demonstrated in animal models, such mechanisms could lead to a fetal demise.
Alcohol
Overall, alcohol consumption during pregnancy is very common worldwide. In the US, one in ten women report any alcohol use, and one in 33 report
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binge-drinking within 30 days of initiating prenatal care (45) . Consumption is much higher in Europe. The rates of fetal alcohol syndrome (FAS) range from 0.2-1.5 per 1000 live births in some regions (46) , while childhood studies in high-prevalence regions estimate closer to 6-9 per 1000 children may be affected (47) . Intrauterine alcohol exposure is a risk factor for fetal mortality as well as infant and child mortality. After maternal consumption, fetal blood alcohol levels reach the same as the mother shortly after. The metabolites continue to be consumed as they are excreted into the amniotic fluid, prolonging exposure time to the fetus (48).
The mechanisms leading to stillbirth are hypothesized to also involve placental dysfunction. Animal models have demonstrated decreased blood flow and increased intravascular coagulation within the placenta (49). Kesmodel reported an increased risk of stillbirth due to complications arising from fetoplacental insufficiency (50) . Older studies have noticed an association with placental abruption with maternal alcohol consumption, although newer results are less consistent (51) . Other hypothesized pathways include changes in hypoglycemia (47) , and increased prostaglandins release that decreases cell division and ultimately resulting in early fetal demise (19, 52) .
Opioids
Opioids exert less risk on exposed fetuses and infants than other stimulant-like substances with regards to overall mortality. Maeda et al. performed an analysis of opioid dependent mothers in the United States, using the NIS database with ICD-10 codes. Obstetric outcomes of patients with opioid use/dependence were compared to controls without substance use disorder and also to another cohort of patients who used of illicit drugs, alcohol, or tobacco but not opioids. In their analysis, opioid use in pregnancy was moderately associated with stillbirth (OR 1.5; 95% CI 1.3-1.8), but when comparing this rate to patients who used other substances, the effect disappeared (OR 0.9, 95% CI 0.7-1.1) (12) . This demonstrates that while there may be an increased risk over baseline, this effect is weaker than seen with other substances.
More research is needed on direct mechanisms that could lead to this risk. In looking at placentas of women treated for opioid use disorder, histology demonstrated that delayed villous maturation was present significantly more in women using opioids versus those who were not (38.82 vs. 16.47%; p < 0.002) (53) . This lesion has been correlated with stillbirths in other settings (54) . Delayed villous maturation is associated with findings of uteroplacental insufficiency and abnormal uterine artery doppler findings due to poor perfusion at the terminal villus. The finding can be nonspecific as it is also seen in pregnancies affected by gestational diabetes, anemia, smoking, air pollution, and genetic abnormalities. However, the twofold increase in those exposed to opioids may point to an underlying mechanism of placental insufficiency increasing the risk of intrauterine fetal demise.
Other studies demonstrate the fetal and neonatal risks associated with repeated maternal opioid withdrawal. As a mother experiences withdrawal or complete detoxification, an increase in catecholamine release leads to subsequent systemic vasoconstriction, uterine contractility, and decreased placental blood flow (12) . Likewise, the fetus also experiences withdrawal and increased oxygen requirements from hyperactivity. Circulating levels of catecholamines are noted in the amniotic fluid (55) . Alleviating repeated cycles of withdrawal through medication assisted treatment with methadone or buprenorphine reduces this stress created from hypoxia and is associated with less adverse pregnancy outcomes (56, 57) .
Cannabis
The SCRN looked at cord homogenate and maternal cotinine levels in 663 stillbirth deliveries and 1932 live birth deliveries. The most common individual drug seen in these specimens was cannabis. Cannabis was associated with a two-fold risk of stillbirth (OR 2.34, 95% CI 1.13-4.81), but this was somewhat confounded by tobacco use. Yet, even after adjusting for tobacco use, that two-fold stillbirth risk was only lessened by 10%. Furthermore, the stillbirth risk associated with smoking was not lessened by adjusting for tetrahydrocannabinolic acid. The authors concluded
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that there is a possible association between cannabis and stillbirth that is not attributable to concomitant tobacco use. None of the fetuses exposed to cannabis had birthweights that were small for gestational age, highlighting possibly another mechanism by which this might occur (58) .
Tetrahydrocannabinol is the active ingredient in marijuana and readily crosses the placenta. This metabolite is fat soluble and has a prolonged tissue half-life of approximately six days, though it may be longer in the fetus. Smoking marijuana yields higher blood carboxyhemoglobin than smoking cigarettes and may decrease fetal oxygenation by this pathway (6) . Furthermore, in vitro studies demonstrate that trophoblastic cells exposed to delta-9-tetrahydrocannabinol (D9-THC) have decreased proliferation and a gene expression profile affecting genes modulating growth, apoptosis, cell morphology, and ion exchange pathways (59) . This highlights a mechanism that may be more related to decreased proliferation rather than vasoconstriction.
CONCLUSION
Several themes in the literature demonstrate adverse effects of substance use on pregnancy outcomes. Specifically, poor placental perfusion, inadequate nutrient transport, and fetal growth restriction are more common in pregnancies affected by substance use. Because these insults are also seen more frequently in stillbirths, inferences can be made that link these insults to a mechanism of stillbirth. Direct evidence of a causal mechanism is still lacking. There is a need to investigate not only exact pathways, but also prevention and treatment strategies. As there are many etiologies of stillbirth, there are likely various contributing mechanisms that increase the risk of this adverse outcome. In vitro and in vivo pathway analyses may shed light on this question. Such models eliminate confounding social and environmental factors. Yet, an adverse social environment is an important component to study as well, as modifying the adverse environment appears to produce improved biological outcomes.
Strong social support and enrollment in prenatal care modulate the detrimental effects associated with substance use. Women who actively engage in prenatal care even without abstaining from substances have improved outcomes, highlighting the strong biopsychosocial influences on fetal development. For instance, patients randomized to enhanced prenatal care with illicit drug treatment programs demonstrated improvements in birth outcomes even if they were not successful in making behavioral changes towards decreased use or abstinence (60, 61) . El-Mohandes et al. also noted in a cohort of pregnant women in Washington D.C., that those who continued to use substances throughout pregnancy but had four or more prenatal visits had better pregnancy outcomes with larger birthweights and less preterm delivery (62) . This may be due to earlier detection of growth restriction or fetal hypoxemia and increased antenatal surveillance. Investigating these mechanisms on the biologic effect of substance use will be very clinically useful.
Overall, our understanding of direct mechanisms behind substance use and stillbirth remains limited. More studies are warranted to not only understand the physiologic basis but also the environmental modulators of this relationship.
